The possible role of guanosine 5'-triphosphate,3'-diphosphate (pppGpp) in protein synthesis by Escherichia coli ribosomes and protein factors was examined. Although pppGpp could effectively substitute for GTP in reactions catalyzed by initiation factor 2 (ribosomal binding of fMet-tRNA and formation of Nformylmethionylpuromycin) and elongation factor T (ribosomal binding of Phe-tRNA and formation of dipeptidyl-tRNA), pppGpp poorly supported polyphenylalanine synthesis. The interaction of elongation factor G with pppGpp was, therefore, examined in detail. The nucleotide was found to be almost without activity in the translocation reaction, as measured by formation of N-acetylphenylalanyl-phenylalanylpuromycin. Nevertheless, the rate of the catalytic hydrolysis of pppGpp to guanosine 5'-diphosphate,3'-diphosphate by elongation factor G and ribosomes was about 30% of the rate of hydrolysis of GTP, a rate of hydrolysis that significantly exceeded the rate of translocation with GTP. Moreover, the rates of the fusidic acid-dependent, elongation factor G-dependent binding of pppGpp and ppGpp to ribosomes were about 75 to 85%, the rates of GTP and GDP binding, respectively. We also found that dGTP could substitute for GTP in all reactions examined.
When stringent strains of Escherichia coli are starved for an essential amino acid, they respond by restricting RNA accumulation (1) and producing guanosine 5'-diphosphate,3'-diphosphate (ppGpp) and guanosine 5'-triphosphate,3'-diphosphate (pppGpp) (2) (3) (4) . These nucleotides have been implicated in control of RNA biosynthesis (3, 5) , but their metabolic roles are obscure. A new dimension in the study of ppGpp and pppGpp has been added by the discovery that they can be synthesized in a reaction involving salt-washed ribosomes and a protein from stringent cells isolated from the ribosomal high-salt wash (6) .
This in vitro synthetic system has made possible the preparation of large quantities of ppGpp and pppGpp (30 (29) with ppGpp.
competitive inhibitor of GTP (7) (8) (9) (10) in several partial reactions of protein synthesis involving protein synthetic factors that require GTP, namely, elongation factor G (EF-G), elongation factor T (EF-T), and initiation factor 2 (IF-2) (11) . We, therefore, examined the interaction of pppGpp with these three enzymes, although this report will concentrate on interactions with EF-G. We found that pppGpp completely substitutes for GTP in all functional reactions involving EF-T and IF-2 and partially substitutes for (13) and stored at -20°after dialysis against 60% glycerol containing 0.5 M NH4C1 (pH 7.4), 20 mM imidazole-HC1 (pH 7.4), and 1 mMI dithiothreitol. Phe-tRNA and fMettRNA were prepared by standard methods, including passage through Sephadex G-25, from unfractionated E. coli B tRNA. Phe-tRNA was acetylated as described (14) .
Preparation and purification of ppGpp, pppGpp, [5'-a-"P]ppGpp, and [5'-a-"P]pppGpp has been described (30) . The (pH 7.4), and 10 mM imidazole-HCl (pH 7.4). The sample was passed through a iMillipore filter, which was washed with 8 ml of the above solution, dried, and counted. Formation of Nformyl['4C]methionylpuromycin was measured after the reaction was stopped with 1.25 ml of 100 mM sodium acetate (pH 5.5). The sample was extracted with 1.5 ml of ethyl acetate; 1.0 ml of the ethyl acetate phase was counted (15) .
Elongation Assays. Assays for measuring polyphenylalanine synthesis, EF-T-dependent binding of Phe-tRNA to a ribosome-poly(U)-N-acetyl-Phe-tRNA complex, and EF-T-dependent formation of N-acetyl-Phe-Phe-tRNA were as described (12, 16) , except that 20% glycerol was included in the latter two assays. A modification of earlier translocation assays was used (12, 16) , involving the initial preparation of a ribosomal complex bearing poly(U) and N-acetyl-Phe-['H]Phe-tRNA in the A site (17, 18) . Ribosomes (2 mg/ml), A mixture of ribosomes (2 mg/ml), poly(U) (0.2 mg/ml), and unlabeled N-acetyl-Phe-tRNA (0.4 mg/ml) was incubated for 1 hr at 370 and then chilled in ice. Each assay contained, in a final volume of 0.050 ml, 0.025 ml of this mixture, as well as (12, (16) (17) (18) . The reaction was stopped with 0.5 ml of 100 mM sodium acetate (pH 5.5). The puromycin derivatives were extracted with 1.5 ml of ethyl acetate, and 1.0 ml of the ethyl acetate phase was counted (15 Polyphenylalanine synthesis, however, was very poorly supported at high concentrations of pppGpp (Table 3) and not at all at lower concentrations. This low rate of synthesis is probably caused by either residual GTP or degradation products of pppGpp which contaminate our preparations of pppGpp.
Since pppGpp was an effective substrate in the reactions catalyzed by EF-T, this failure of polyphenylalanine synthesis suggested that the nucleotide would not support the translocation catalyzed by EF-G. The assay we used was the puromycin sensitivity of ribosome-bound N-acetyl-Phe-PhetRNA, which reacts with the antibiotic only when bound in the ribosomal P site (12, (16) (17) (18) . This assay for translocation, as well as others directed by poly(U) (19, 20) , possess a little understood translocational activity independent of EF-G and GTP that has been called nonenzymatic translocation. We found that this nonenzymatic activity can be minimized at low temperatures (less than 100); Fig. 1 demonstrates the strong requirement for both EF-G and GTP at 80.
The participation of various guanine nucleotides in translocation is presented in Fig. 2 . GTP and dGTP, but not pppGpp and pcppG, effectively supported the reaction.
The failure of pppGpp in translocation suggested that it would also be unable to substitute for GTP in the EF-Gdependent catalytic hydrolysis of GTP (21) and binding of guanine nucleotides to ribosomes (22) (23) (24) . We found, however, that pppGpp could participate in these uncoupled reactions, for it was both hydrolyzed to ppGpp and bound by ribosomes.
When the catalytic hydrolysis of guanine nucleotides was measured at 370 (Fig. 3) The EF-G-dependent binding of GDP and GTP to ribosomes occurs optimally at low monovalent cation concentrations and requires the presence of fusidic acid, but only GDP is actually found bound to ribosomes (22) (23) (24) . At relatively high nucleotide concentrations, the binding reaction occurs rapidly at 00 (22) (23) (24) , but at lower concentrations the rate of GTP binding was much slower than that of GDP (ref. 16 and unpublished data). We, therefore, chose low nucleotide concentrations (2.4 X 10-M) for comparing the rates of binding of pppGpp and ppGpp to those of GTP and GDP. When pppGpp is compared to GTP, and ppGpp to GDP, the rates are about 75-85% of those seen with GTP and GDP (Fig. 4) . Similar data were obtained when the pretranslocation complex was used instead of free ribosomes.
When the nucleotide concentrations were increased 10-fold, all the rates increased substantially, and there was little apparent difference in the rates of binding. An equally dramatic increase in reaction rates has been observed in the presence of methanol at low nucleotide concentrations (16) . After 2 min in 10% methanol there was little difference in the quantity of nucleotides bound, compared to substantial differences without methanol (Table 5 ). The requirement for both ribosomes and EF-G in the methanol-stimulated binding of (11) . We found that pppGpp was at least as effective as GTP in catalyzing IF-2-dependent ribosomal binding of fMet-tRNA and formation of N-formylmethionylpuromycin, and in catalyzing EF-T-dependent ribosomal binding of Phe-tRNA and formation of N-acetyl-Phe-Phe-tRNA. However, pppGpp had little activity in the EF-G-dependent translocation reaction, as well as in polyphenylalanine synthesis. This result indicates that a significant difference must exist in the catalytic sites formed by the ribosome with EF-G, on the one hand, and with EF-T and IF-2, on the other. Whether this difference resides in the ribosomal component or the supernatant factor component of the catalytic sites is unknown.
The failure of pppGpp to support translocation was not reflected in EF-G-dependent reactions uncoupled from translocation. Catalytic hydrolysis of pppGpp to ppGpp occurred at about 30-40% of the rate of the comparable hydrolysis of GTP to GDP, with either free ribosomes or the pretranslocation complex, and this hydrolysis of pppGpp exceeded the amount of translocation catalyzed by EF-G and GTP.
In addition, pppGpp and ppGpp were bound to ribosomes in the presence of EF-G and fusidic acid at 75-85% of the rates of GTP and GDP, respectively. This was observed with both free ribosomes and the pretranslocation complex. The binding rates of pppGpp and ppGpp, like those of GTP and GDP, could be substantially accelerated in 10% methanol.
In the GTP binding assay the actual nucleotide bound is GDP (22) (23) (24) . Similarly, when pppGpp was bound to ribosomes and the bound nucleotide eluted from the Millipore filter, the nucleotide recovered was ppGpp (unpublished data). Each assay contained 1 mg/ml of ribosomes, 86.4 jsg/ml of EF-G, and 1 mM [5'-32P]guanine nucleoside 5'-triphosphate and 0. mM fusidic acid, as indicated. Reaction volume was 0.025 ml. In Exp. I incubation was for 30 min at 37°. In Exp. II incubation was for 60 min at 37°. Generation of [5'-a-32Pjguanine nucleoside5'-diphosphates was determined by PEI-cellulose chromatography (3). Data are expressed as nmol/ml of reaction. The ability of pppGpp to substitute rather extensively for GTP in the uncoupled reactions while failing to support translocation has various interpretations. Most interestingly, it can be argued that pppGpp fails in some translocation step that occurs after its hydrolysis. On the other hand, it is possible that the uncoupled reactions are not directly related to the translocation reaction. This could explain recent paradoxical findings from other laboratories which demonstrate a reduced affinity of EF-G in the uncoupled reactions for ribosomes with peptidyl-tRNA in the A site relative to free ribosomes (25) (26) (27) . It is possible, but we think unlikely, that the reduced hydrolysis of pppGpp relative to GTP is in itself sufficient to explain the failure of translocation. Finally, the uncoupled reactions that occur with the pretranslocation comlplex might, in fact, occur on free ribosomes in the preparations; that is, that ribosomes capable of translocation are unable to hydrolyze pppGpp.
The chemical basis for the failure of pppGpp in translocation is of interest. We find that dGTP can substitute for GTP with EF-G, as has been previously observed (19, 23) . We further find that dGTP can replace GTP with EF-T and IF-2, indicating that the presence of the 2'-hydroxyl group in GTP is not essential in any of these reactions. We do note, however, a significant difference in the effect of the 3'-pyrophosphate group in the EF-G reaction as compared to the EF-T and IF-2 reactions. Clearly a free 3'-hydroxyl, as in GTP and dGTP, is not essential in the EF-T and IF-2 reactions, but may well be required in the translocation reaction. On the other hand, the inhibitory effect of the 3'-pyrophosphate of pppGpp in the translocation reaction may be entirely steric.
The experiments presented here demonstrate slight activity of pppGpp in both polyphenylalanine synthesis and the stoichiometric translocation assay. If the latter assay is accelerated by lerforming it at 370 with high pppGp) and EF-G concentrations, there is a significant, but still substantially reduced, translocation reaction. Both this reaction and the low polyphenylalanine synthetic activity observed with pppGpp have been successively reduced, but not entirely abolished, by repeated repurification of pppGpp. Furthermore, assay of column fractions demonstrated that the pppGpp peak did not coincide with the peak of residual synthetic activity. The activity of our purest preparation is consistent with residual contamination by GTP of about 0.1%. We cannot, however, eliminate the possibilities that pppGpp is slightly active in translocation or that the low activity is due to formation of an active degradation product of pppGpp.
It is unlikely that conversion of pppGpp to GTP can account for the apparent pppGpp activity in the EF-T-and IF-2-dependent reactions. First, if pppGpp were degraded to GTP by some componeit in the EF-T reaction, the GTP so generated should drive the EF-G-dependent translocation reaction. Nevertheless, pppGpp is almost inactive in polyphenylalanine synthetic reactions containing EF-T, although the GTP concentrations giving half-maximal rates in translocation, enzymatic binding, and dipeptide formation are all about 2-6 AM. Furthermore, studies over a broad concentration range indicate that the rate-limiting amounts of pppGpp, GTP, and dGTP are similar in both the IF-2-and EF-Tdependent reactions; nor do time-course measurements indicate a lag in pppGpp activity, as compared to GTP, in either the IF-2-or EF-T-dependent reactions (manuscript in preparation). Finally, preliminary pppGpp hydrolysis studies with IF-2 give no indication of significant conversion of labeled pppGpp (present at 10 uM) to either GTP or GDP.
